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Frozen soils cover about 40% of the land surface on the earth and are responsible for the global energy
balances affecting the climate. Measurement of the thermal properties of frozen soils during phase
transition is important for analyzing the thermal transport process. Due to the involvement of phase
transition, the thermal properties of frozen soils are rather complex. This paper introduces the uses of a
multifunctional instrument that integrates time domain reﬂectometry (TDR) sensor and thermal pulse
technology (TPT) to measure the thermal properties of soil during phase transition. With this method,
the extent of phase transition (freezing/thawing) was measured with the TDR module; and the corre-
sponding thermal properties were measured with the TPT module. Therefore, the variation of thermal
properties with the extent of freezing/thawing can be obtained. Wet soils were used to demonstrate the
performance of this measurement method. The performance of individual modules was ﬁrst validated
with designed experiments. The new sensor was then used to monitor the properties of soils during
freezingethawing process, from which the freezing/thawing degree and thermal properties were
simultaneously measured. The results are consistent with documented trends of thermal properties
variations.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Water is one of the most important factors determining the
performance of geostructures. Excessive water accumulation
behind retaining wall compromises its structural stability. Seepage
through levee and earth dam can lead to piping (Drnevich et al.,
2001a,b). And soil thermal properties are also of great importance
for the study of soil water evaporation, pesticides volatilization, and
trace gas emission from soil. In addition, under some circum-
stances, the heat transfer, watermovement and solute transport are
coupled such as in the vadose zone (Ren et al., 2003; Heitman et al.,
2007). The seasonal frozen depth and duration in cold regions are of
great importance for studying the biological, hydrological and
mineralogical processes (Tarnawski and Wagner, 1993; Civan,
2000; Zhou and Huang, 2004; Lackner et al., 2005). Seasonal
freezing and thawing of soil is frequently blamed for the under-
groundwater pipe damages (Takeda and Nakano,1990; Song, 2006;ock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.Heitman et al., 2007). The thermal properties of the soil surface
layer can also be used to determine the surface heat balance, and
this surface energy balance can be further employed to predict the
freezingethawing depth of the active layer of the soil (Naidu and
Singh, 2004; Overduin et al., 2006; Hotz and Ge, 2009).
Wet soil (soil mixed with water), by deﬁnition, is a phase change
material system in which water acts as the phase transition
component and soil solids provide the structural skeleton for the
system. During the phase transition (i.e. when water crystallizes or
ice melts), the thermal properties of the system (i.e. heat capacity
and thermal conductivity) change together with the evolution of
phase change. Measurement of thermal properties during such
process will provide important input for studying andmodeling the
thermal transport in such material systems.
This paper demonstrates a method and tool to measure the
thermal properties of phase change material system. Wet soils are
used as the subject material due to its availability and deﬁned
phase transition temperature. A multifunctional probe that inte-
grated the functions for time domain reﬂectometry (TDR) and
thermal pulse technology (TPT) measurement was fabricated for
measurement. The TDR function measures the extent of phase
transition (freezing or thawing). The TPT function measures the
corresponding thermal conductivities and heat capacities. By
integration of both measurements, the variation of the thermal
properties with the extent of phase transition in soil water can be
B. Zhang et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 155e162156determined. While wet soil is used as the phase change materials
system in this study, the methodology and tool can also be
extended to study other phase change materials systems used for
building energy efﬁciency applications.2. Technical background
2.1. Background on time domain reﬂectometry (TDR)
TDR is a guided radar technology that was initially used by
electrical engineers to locate cable breakages. The application was
extended tomeasure soil water content due to the pioneering work
by Topp et al. (1980). In civil engineering, TDR has become an
established technology for soil water content measurement
(O’Connor and Dowding, 1999; Benson, 2006; ASTM D6565, 2005;
ASTM D6780, 2005). TDR features the advantages of being rugged,
accurate and automatic. Various applications have been explored
with TDR technology such as seepage through levee and earth dam
(Zhang et al., 2010), water movement and solute transport (Ren
et al., 2003; Heitman et al., 2007), seasonal frost development
(Tarnawski andWagner, 1993; Civan, 2000; Zhou and Huang, 2004;
Lackner et al., 2005), soil freezingethawing induced pipe damages
(Takeda and Nakano, 1990; Song, 2006; Heitman et al., 2007).
The conﬁguration of a typical TDR system is shown in Fig. 1. The
system generally consists of a TDR device (including an electrical
pulse generator and a sampler), a connection cable, and a mea-
surement probe (Fig. 1a). TDR works by sending a fast rising step
pulse or impulse to the measurement probe and measuring the
reﬂections due to the change of material dielectric permittivity. Due
to the large contrast between the dielectric constant of water
(around 81) and those of the air (1) or soil solids (the dielectric
constant for dry solids is typically 3e7), the bulk dielectric con-
stants of soils are very sensitive to the water content. The large
contrast in the dielectric properties of air and soil causes oneFig. 1. (a) Schema of an example TDR system and output signal; (b) A typical TDR curve
for soil and measurement of apparent length La.reﬂection when the electrical signal enters soil from the air;
another reﬂection takes place when the electrical signal arrives at
the end of the measurement probe (Fig. 1b). In displaying a TDR
signal, the time scale, t, is typically displaced as round trip distance
using Eq. (1):
La ¼ ct2 (1)
where La is typically called apparent length, and c is the speed of the
electromagnetic wave in the vacuum (3  108 m/s).
From the apparent length, La, displayed on TDR signal (Fig. 1b),
the round trip time required for an electrical pulse to travel through
the measurement probe can be determined as t ¼ 2La=c.
The velocity of the electromagnetic wave traveling in the testing
material can then be calculated by
v ¼ 2L
t
¼ 2L
2La=c
¼ L
La
c (2)
where v is the velocity of an electromagnetic wave traveling in the
material, L is the physical length of TDR sensor section, t is the travel
time between the two reﬂections that occur at the interfaces of
material layers.
The velocity of the electric signal is inversely proportional to the
square root of dielectric constant, Ka (Ramo et al., 1994):
v ¼ cﬃﬃﬃﬃﬃ
Ka
p (3)
Combining Eqs. (2) and (3), the dielectric constant, Ka, of a
material can be calculated by
Ka ¼
c
v
2
¼

La
L
2
(4)
The dielectric constant, Ka, measured by TDR is typically called
“apparent dielectric constant” to reﬂect the fact that it does not
consider the frequency-dependency of the dielectric permittivity
(Topp et al., 1980).2.2. Theory of thermal pulse technology (TPT)
TPTmeasures the thermal properties of a material by generating
a heat pulse and measuring its propagation and attenuation.
Typically, a line heat pulse of short duration is generated. The
thermal pulse propagates in the cylinder directions away from the
line heat source (Fig. 2a). This causes a radial propagating tem-
perature disturbance which is a function of time and distance from
the heat source (Fig. 2b).
Data analysis for the thermal pulse technology is based on
modeling the thermal diffusion process in continuous homoge-
neous materials. The fundamental solution for the thermal ﬁeld
distribution around an inﬁnite line heat source has been solved for
the axial-symmetric system (de Vries, 1952; Kluitenberg and
Bristow, 1993; Bristow et al., 1994; Kluitenberg et al., 1995). For a
line heat pulse of duration t0, the temperature disturbance at radial
distance, r, away from the heat source is described by
DTðr; tÞ ¼ Q
4pa

Ei
 r2
4aðt  t0Þ
	
 Ei
r2
4at


(5)
where DT denotes the temperature variation (

C or F), t0 is the
duration of the heat pulse (s), Ei(x) is the exponential integral, a is
the thermal diffusivity, and Q denotes the strength of the heat
resource, which is calculated by
Fig. 2. (a) Schematic of thermal pulse technology (one-dimensional heat transfer with
no thermal exchange in the vertical direction); (b) Illustration of the source pulse and
temperature responses.
B. Zhang et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 155e162 157Q ¼ q
rc
(6)
where q is the quality of heat release per unit length of the probe
(W/m), and rc denotes the volumetric heat capacity (J/(m3 K)).
The total volumetric heat capacity of the soil system includes
those of water, soil solids and air. However, the contribution of the
air to the total heat capacity is negligible and is thus typically
ignored for practical purpose. The total volumetric heat capacity
can then be calculated as
rc ¼ rbcs þ rwcwq (7)
where rb is the bulk density of the soil, cs is the speciﬁc heat of the
soil particles (kJ/(kg K)), rw is the density of water (kg/m3), and cw is
the speciﬁc heat of water (kJ/(kg K)) (Naidu and Singh, 2004;
Lackner et al., 2005).
The thermal diffusivity a in Eq. (5) can be calculated by
(Kluitenberg and Bristow, 1993; Bristow et al., 1994; Heitman et al.,
2007)
a ¼ r
2
4

1
tm  t0
 1
tm

ln

tm
tm  t0

(8)
where tm denotes the time when the maximum temperature
change DTm occurred (Fig. 2b).
The heat capacity, rc, the thermal conductivity, l, and the
thermal diffusivity, a, are related according to Eq. (9). Therefore
only two of the three thermal properties are independent
(Kluitenberg and Bristow, 1993).
l ¼ arc (9)Fig. 3. (a) Schematic design of the thermal-TDR probe; (b) Photos of the fabricated
thermo-TDR probe.3. Sensor design and performance assessment
A thermo-TDR sensor was designed by adding thermal pulse
generation and measurement functions to a conventional TDRparallel probe. The probe geometry referred to the design used in
Ren et al. (1999) and Heitman et al. (2007). The rods are 40 mm
in length and spaced 6 mm apart. The diameter of the probe rod
is around 1 mm. This achieved an electrical impedance of around
150 ohms when exposed to the air (O’Connor and Dowding,
1999). Instead of solid rods for the traditional TDR probe, hol-
low steel rods were used for the thermo-TDR probes. A resistance
heater was embedded inside the central rod to generate the heat
pulse. Three thermocouples were installed in each rod respec-
tively. The tubes were then backﬁlled with high thermal
conductive epoxy. Fig. 3a shows the schematic of the sensor probe
design. Fig. 3b shows the prototype of the fabricated thermo-TDR
sensor.3.1. Experimental evaluation of the TDR function
The performance of the TDR function by the thermo-TDR probe
was ﬁrst evaluated by making measurements in the American
Society for Testing Materials (ASTM) standard ﬁne sand and a
clayey glacial till. The glacial till was classiﬁed as clay with low
plasticity (CL) by uniﬁed soil classiﬁcation system (USCS). In the
experiments, the thermo-TDR probes were installed in soil sam-
ples prepared with different water contents and densities. TDR
signals were acquired for each sample. The measured signals are
plotted in Fig. 4. For both sand and clay samples, the TDR signals
show systematic trends of change with increasing water content.
This indicates the TDR function is sensitive to the change of the
soil water content.
Fig. 4. Inﬂuence of water contents on TDR signals measured by the thermo-TDR probe:
(a) sand and (b) clay.
Fig. 5. An example of measured thermal pulse response in clay.
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The evaluation of the thermo-TDR sensor design involved
assessment of the thermocouples and the heat pulse generation
function.
A mercury thermometer was employed as the reference base to
evaluate the performance of the thermocouples installed inside the
thermo-TDR rods. For this purpose, both the thermometer and
thermo-TDR probe were simultaneously placed in a container with
water of different temperatures. The thermocouples were read by
an eight-channel USB-based data sampling unit TC-08@ by Pico
Technology Inc. The mercury thermometer was read manually. The
results indicated that there are excellent relationship between
thermal couple reading and thermometer. This indicated the
thermocouples were properly installed.
The thermal pulse function of the thermo-TDR sensor was
evaluated subsequently. The thermo-TDR sensor was installed
vertically into the center of the soil specimen. A 9-V battery was
used to power the heater installed in the center rod. The duration of
the heat pulse was controlled by a switch. The generated heat pulse
and received heat pulse were both measured by the built-in ther-
mocouples installed inside the rods. Fig. 5 shows the typical
measured propagating heat pulse, indicating that the thermal pulse
module works properly. The thermal responses under various heat
pulse durations were also evaluated, from which an optimal
duration of heat pulse was determined and used in all the subse-
quent testing.4. Method of signal analyses
4.1. Method for TDR signal analyses and data processing
Two approaches are commonly used to determine the apparent
dielectric constant, Ka, from a TDR signal (Timlin and Pachepsky,
1996), i.e. (1) empirical tangent line method; and (2) inversion
analysis of the TDR signals.
The tangent line method generally follows the approach by Topp
et al. (1980, 1982) and Baker and Allmaras (1990). This method lo-
cates the reﬂection points using the tangent lines, i.e. slopes, from
characteristic sections (“peak”, “valley” or maximum slope) on the
TDR signal. Both of these approaches require drawing tangent lines
from characteristic sections of the TDR signal to locate the reﬂection
points. The only difference between them is the criterion of selecting
these characteristic points. The procedures can be implemented by
developing the computer algorithms. This typically involves
smoothing the process of the TDR signal, and using numerical dif-
ferentiation to calculate the derivatives and ﬁnd the locations of the
characteristic points, such as local maximum or minimum points
with maximum slopes. The intersections are then determined from
the tangent linespassing throughthecharacteristicpoints (Yu,2003).
The TDR signal can also be analyzed using inversion model. In
this method, the measured TDR signal is employed to match the
signal predicted using the given material properties. The analysis
can be conducted in either the time domain (Yanuka et al., 1988;
Timlin and Pachepsky, 1996) or the frequency domain (Feng et al.,
1999; Lin, 1999; Yu and Yu, 2006). The advantage of this
approach is that it physically described the phenomena taking
place in the TDR system. The shortcomings are the longer compu-
tational time and the issue of non-uniqueness (Yu and Yu, 2006).
For the most practical applications, the empirical analyses of the
TDR signals were found to provide reasonable accuracy. This pro-
cedure was used in this study to analyze the TDR signals to deter-
mine the dielectric properties.
4.2. Method for analyses of thermal pulse signals
The thermal pulse signals can also be analyzed with two
different approaches, i.e. (1) travel time analyses and (2) model-
based inversion analyses. Travel time analyses of the thermo-TDR
signal involves the determination the maximum amplitude of
thermal pulse response Tmax and the corresponding travel time t0.
Both of them can be easily obtained from the measured thermal
pulse response curves. The thermal diffusivity, heat capacity and
thermal conductivity can then be calculated using Eqs. (5)e(9).
Model-based inversion analysis is by matching the measured
thermal response waveform with theoretical thermal pulse
Fig. 6. Sensitivity analysis of thermal responses to (a) the thermal diffusivities (a); and
(b) rod to rod distance.
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inversion analyses can be described as
argminða; rcÞ ¼
DTðr; t; a; rcÞpredict  DTðr; t; a; rcÞmeasure

(10)
where function argmin is to determine the parameters that mini-
mize the value of the target function; DTðr; t; a; rcÞpredict is the
predicted temperature at a distance r from the heat source, which is
described by Eqs. (5)e(9); DTðr; t; a; rcÞmeasure is the actually
measured temperature; the function j,j is the norm of a vector,
which is typically used as the root-mean-square.
In this study, a MATLAB code was developed to implement the
inversion procedure. A forward model was ﬁrst developed to pre-
dict the temperature process caused by a rapid heat pulse. This
involved the convolution of the responses from the inﬁnite heat
pulse source and the temperature measured at the center rod, i.e.
DTðr; t; a; rcÞpredict ¼ DTðr; tÞ5Tð0; tÞ (11)
where DTðr; tÞ is the temperature variation described by Eq. (5),5
is the convolution, and T (0, t) is the temperature process measured
at the center rod.
A sensitivity analysis for the model parameters was ﬁrst carried
out using the forward model, such as the thermal conductivity of
soil and the spacing of the thermo-TDR rods. Fig. 6 shows the re-
sults of the sensitivity analysis. In this ﬁgure, the thick blue curve
was the source heat pulse. The other curves were the response heat
pulses measured at a certain distance away from the heat source.
Fig. 6 shows that higher thermal diffusivity results in sharper
response heat pulse. Similar observations were found on the effects
of spacing between the rods.
Inversion analyses were implemented using the Simplex
method, which is a standard algorithm for the large-scale linear
optimizations. To ensure the stable results, initial values of pa-
rameters were set using the results from the travel time analyses.
5. Measurement of thermal properties of soils during phase
transition
5.1. Experimental design
Laboratory experiments were conducted to assess the ability of
thermo-TDR probe to measure the thermal properties of soils
during the phase transition process. The glacial till (CL soil) was
used for the study. The clay specimens were prepared at a water
content of 15% using standard Harvard miniature compactor.
Thermo-TDR probewas then installed into the specimen and sealed
together with the specimen in a vacuum bag. The specimen was
then placed in a freezingethawing cycle in a temperature-
controlled room. The temperatures inside the soils were recorded
by the built-in thermal couples inside the thermal-TDR probe. One
additional temperature sensor recorded the environmental tem-
perature inside the temperature-controlled room.
TDR signals were automatically recorded during the freezinge
thawing process by the computer at 3 min interval. TPT measure-
ments were conducted during the course of freezingethawing.
Both the TDR and TPT data were subsequently analyzed.
5.2. Experimental data and analysis
Examples of measured TDR signals during the freezing process
are shown in Fig. 7a. The signals show a consistent overall trend, i.e.
the continuous reduction in the apparent length, which is thedistance between the ﬁrst and second reﬂections (refer to Fig.1b for
the deﬁnition of apparent length). This corresponds to continuous
decrease of the apparent dielectric constant (according to Eq. (4)).
Fig. 8 shows the evolution of the TDR measured apparent dielectric
constant and electrical conductivity of soil with temperature. As
seen from this ﬁgure, both the apparent dielectric constant and
electrical conductivity decrease as temperature decreases. This is
because the free water turned into ice during the freezing process,
and ice has a much smaller dielectric constant than the liquid
water. Crystallization of water also reduces the ionic mobility
which results in the reduction of the electrical conductivity.
Siddiqui and Drnevich (1995) developed an equation (Eq. (12))
that related TDR measured apparent dielectric constant to free
water content, w. This equation accounts for the effects of soil type
and density by incorporating two calibration constants (Drnevich
et al., 2001a,b).
rw
rd
ﬃﬃﬃﬃﬃ
Ka
p
¼ aþ bw (12)
where rd is the dry density of soil; a and b are soil-dependent
calibration constants, typically a is found to be close to 1, b is
found to range from 7 to 11 (Yu and Drnevich, 2004).
It needs to point out that ice has a dielectric constant similar to
that of solids (around 4), which is much smaller than that of liquid
water (around 81). Therefore, the water content in Eq. (12) only
Fig. 7. (a) Example of TDR signals during freezing process; (b) Thermal pulse mea-
surement during the freezingethawing process (each sharp spike in the temperature
curve corresponds to one TPT measurement).
Fig. 9. The variation of temperature and freezing degree during the freezing process.
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amount of unfrozen liquid water in soil can be calculated. From this,
the degree of freezing/thawing can be determinedwith a procedure
described in Yu et al. (2011). Fig. 9 plots the measured degree of
freezing of the soil sample when subjected to freezing process. The
internal soil temperature is also plotted as reference. It can be seen
that it takes around 36 min for the soil temperature to drop to the
freezing temperature. After that soil water continues to freeze.Fig. 8. Dielectric constant (Ka) and electric conductivity (Ecb) during the thawing
process.Fig. 10 plots the variation of the degree of freezing with tem-
perature. It can be seen that freeze started at temperature of around
0 C, the normal freezing temperature of water. The soil tempera-
ture remains at the freezing temperature of 0 C until the freezing
degree reaches around 60%. The freezing degree increased during
the freezing process, and it became constant when the temperature
dropped to around 15 C. This phenomenon indicates that the
freezing temperature of certain portion of soil water is below the
normal freezing temperature. This is called “freezing point
depression”, which is attributed to the effects of matric suctions
developed in porous materials (Coussy, 2005).
The signals by TPT were analyzed to determine the thermal
conductivity and volumetric capacity of soil during freezing pro-
cess. The results of thermal properties at different temperatures are
shown in Fig. 11a. Similar trends of variations with temperature are
observed for both thermal conductivity and heat capacity. Starting
from low temperature (18 C in this study) the thermal conduc-
tivity continues to increases until around 0 C (normal phase
transition temperature of water). There is a sharp drop of the
thermal conductivity (around 2.5 times) until the phase transition
completes (or all the ice turns into water). After that, the thermal
conductivity of soil remains as an approximately constant.
Similar trends can be observed in the volumetric heat capacity
in Fig. 11b, i.e. below the freezing temperature of 0 C, the volu-
metric heat capacity increases with temperature. There is also a
sharp drop (around 4 times) in the thermal capacity until the phase
transition completes. After that, the heat capacity remains as
approximately constant. These observed trends of thermal con-
ductivity variation with temperature are consistent with thoseFig. 10. Variation of freezing degree with temperature.
Fig. 11. (a) Variation of thermal conductivity with temperature; (b) Variation of
volumetric capacity with temperature.
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fusion strategy undertook in this paper, information on the extent
of phase transition (freezing degree in the case of soil) was simul-
taneously measured. This could provide an important piece of in-
formation to understand the interactions within phase changing
porous materials and their effects on the bulk thermal properties.
6. Conclusions
This paper demonstrates a procedure and tool to measure the
thermal properties of frozen soils during phase transition. A
multifunctional measurement probe, which integrates the TPT and
TDR function, was designed. The TDR module provides data to
characterize the extent of phase transition (freezing/thawing). The
TPT module measures the corresponding thermal properties. The
performance of different sensing modules was ﬁrst evaluated to
ensure they function properly. The new sensor was then used to
monitor soils during freezingethawing process, from which the
freezing/thawing degree and thermal properties were simulta-
neously measured. The results are consistent with documented
trends of thermal properties variations. While soils were used in
this study, the methodology of measurement can be readily
extended to other types of materials to measure the variations of
thermal properties during the phase transition process.
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